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ABSTRACT
New reverberation mapping measurements of the size of the optical iron emission-line region in
quasars are provided, and a tentative size-luminosity relation for this component is reported. Com-
bined with lag measurements in low-luminosity sources, the results imply an emission-region size that
is comparable to and at most twice that of the Hβ line, and is characterized by a similar luminosity
dependence. This suggests that the physics underlying the formation of the optical iron blends in
quasars may be similar to that of other broad emission lines.
Subject headings: galaxies: active — methods: data analysis — quasars: emission lines
1. INTRODUCTION
The geometry of the broad line region (BLR) in quasars
can be studied by means of reverberation mapping, where
one tracks flux variations in the emission line in response
to continuum fluctuations (Netzer & Peterson 1997).
The distance range subtended by the BLR gas implies
a highly-stratified medium with high-ionization lines,
such as He IIλ1640 and C IVλ1548, being formed close
to the central continuum-emitting source, possibly on
scales comparable to the outer optical-emitting accretion
disk (Rodriguez-Pascual et al. 1997; Peterson & Wandel
1999; Chelouche 2013, and references therein), and low
ionization species, such as H I, being emitted from larger
regions whose size is comparable to the dust sublima-
tion radius (Netzer & Laor 1993; Suganuma et al. 2006).
Complicated radiative transfer physics may also affect
the apparent size of the BLR (Bentz et al. 2010). Ac-
cumulating statistics have shown that the effective area
of the BLR scales in proportion to the quasar luminosity
(Bentz et al. 2009). This relation has been relatively well
established for the Balmer and C IVλ1549 emission lines
(Kaspi et al. 2000, 2007), but has not yet been shown to
hold in general.
Among the most prominent spectral features in
the (rest) optical-UV spectra of quasars are the iron
emission blends (Boroson & Green 1992): poorly re-
solved plethora of numerous emission lines predomi-
nantly associated with Fe II, which can only be par-
tially resolved in narrow line objects (Ve´ron-Cetty et al.
2004). Despite several decades of intensive research
in the field (Wampler & Oke 1967; Sargent 1968;
Oke & Shields 1976; Collin-Souffrin et al. 1979; Netzer
1980; Grandi 1981; Kwan & Krolik 1981; Netzer & Wills
1983; Wills et al. 1985; Baldwin et al. 2004; Verner et al.
2004; Zhang et al. 2007; Bruhweiler & Verner 2008;
Ferland et al. 2009; Shields et al. 2010; Dong et al. 2011,
and references therein), relatively little is known about
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the physics of these features. For example, it has been
argued that collisional excitation, rather than photo-
excitation, is responsible for the bulk of the iron emis-
sion (Collin & Joly 2000), setting its physics apart from
the rest of the BLR (but see Vestergaard & Peterson
2005). Further, many models including state-of-the-
art atomic data and detailed radiative transfer calcula-
tions fall short of explaining the phenomenological prop-
erties of those blends. Reverberation mapping of this
component has proven difficult (Vestergaard & Peterson
2005; Kuehn et al. 2008) with only very recent works be-
ing able to place the optically-emitting iron blend re-
gion around the Balmer line region in a few objects
(Bian et al. 2010; Barth et al. 2013; Rafter et al. 2013).
Interestingly, Hu et al. (2008) find that the apparent
kinematics of the iron blends differs from that of other
emission lines, providing interesting clues about the BLR
physics (Ferland et al. 2009, see however Sulentic et al.
2012).
Here we report new iron blends’ lag measurements for
the Palomar-Green sample of quasars from Kaspi et al.
(2000), and quantify the size-luminosity relation over
four decades in luminosity. Our analysis makes use
of (and extends) the multi-variate correlation function
(MCF) scheme of Chelouche & Zucker (2013), and is
shown to work in cases where reliable spectral decom-
position is difficult to achieve. This paper is organized
as follows: the MCF scheme is summarized and extended
in section 2. Results for the PG quasars are outlined in
section 3, with the discussion following in section 4.
2. METHOD
Given a continuum light curve in some spectral band,
fc, and a light curve consisting of the combined contri-
bution of continuum and lines, fcl, we construct a model
for the latter. The line is assumed to linearly react to fc
(e.g., the case of photo-excited gas around equilibrium)
with a line transfer function, ψ, which reflects on the
gas geometry, and whose light crossing-time centroid is
τ . Our model for fcl is
fmcl = (1− α)fc + αfc ∗ ψ(τ), (1)
where α reflects on the contribution of the emission line
to the total flux in the band and the last term denotes
convolution. Determining the lag, τ , is then reduced to
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Figure 1. Spectrum, bandpasses, light curves (left panels) and correlation analyses (right panels) for PG1700+518. The mean spectrum
for PG1700 from the Kaspi et al. (2000) dataset (solid line), with the quasar composite spectrum of Vanden Berk et al. (2001) over plotted
(dashed line) in the top left panel. The B-band transmission curve is also shown, as are the bands from which the light curves used in
this analysis are derived (gray for fc or f
sp
c , and blue and red for either of the iron blends). Green triangles mark line-free regions used
to fit the underlying continuum with second-order polynomials (median fit values are shown as a solid green curve with models deviating
by one standard-deviation traced by the dashed green lines). The wavelength region from which information about Hβ has been extracted
is marked by a thick horizontal black line (c.f. table 2 in Kaspi et al. 2000). Spectro-photometric light curves are denoted by gray points
and are shown in the bottom-left panel with the pure spectroscopic continuum light curve marked in thick black circles. The blue and
red iron-blend light curves are shown in their respective colors, and are arbitrarily shifted for clarity. Two-dimensional (2D) correlation
functions are shown in the right panels: left and right columns for the blue and red iron blends, respectively. Filled contours show the
correlation function as calculated using the spectrophotometric light curves, with regular contours marking its values as calculated using the
spectroscopic data (warmer colors correspond to larger correlation coefficients). Projected correlation functions are shown in the bottom
panels with bright/faded colors corresponding to spectrophotometric/spectroscopic data. Red shades show the corresponding analyses with
the kernel version of the correlation function (KMCF, whose 2D versions are not shown).
finding the best match between fmcl and fcl using, e.g.,
the MCF formalism. In Chelouche & Zucker (2013) we
chose ψ = δ(t−τ) so that fc∗ψ = fc(t−τ). Here we also
consider a model where ψ has finite structure: a rectan-
gular shape in the time range [0, 2τ ] (Chelouche et al.
2013). While the true ψ is poorly known, and various
models exist (Welsh & Horne 1991), they all have a com-
mon feature: upon convolution, continuum light curve
fluctuations on timescales shorter than τ are suppressed.
This results in a more physically-motivated fmcl , which
is in better qualitative agreement with observations (see
figure 1 in Barth et al. 2013, where the iron light curves
are smoother compared to the continuum light curves
for NGC 4593). In this paper, results using the new for-
malism, which we term kernel-MCF (KMCF), are used
to corroborate the MCF measurements, and the imple-
mentation of the algorithm is identical to that which is
described in Chelouche & Zucker (2013).
We adopt a very conservative approach to estimate the
significance of our results, mainly due to the small num-
ber of visits in the PG light curves. In particular, we
have implemented a flux-randomization, random subset
selection (FR-RSS) algorithm for the (K)MCF scheme
following Peterson et al. (1998, see below). Nevertheless,
for reasons discussed in Chelouche & Zucker (2013), we
refrain from quoting its measurement uncertainties.
3. THE PG SAMPLE OF QUASARS
We consider the sample of 17 PG quasars from
Kaspi et al. (2000), which provided the first reliable
Balmer line reverberation mapping results for lumi-
nous active galactic nuclei. We use published spectro-
photometric light curves that trace the continuum emis-
sion over 7.5 years, and term those f spc . To mitigate the
contribution of emission lines and blends to the B-band,
hence to f spc , we consider an additional version of the
continuum light curves, f sc , which consists of spectro-
scopic visits, naturally resulting in fewer points (figure1).
fmcl is then separately evaluated using f
s
c and f
sp
c , and
the results compared.
In addition, we define two iron-rich spectral win-
dows around the Hβ line (see figure 1 for the case of
PG1700+518, hereafter PG1700), and create a set of
light curves (fcl) in those bands. The light curves trace
the mean flux level in the relevant spectral window, and
the relative flux error is conservatively matched to that
of the continuum light curve. The rest-frame wavelength
range for the blue iron blend is 4468A˚-4668A˚ (i.e., short
ward of the He II line), and that for the red iron blend
is 5150A˚-5350A˚. As the rest equivalent width of the iron
blends is of order 20A˚ (Vanden Berk et al. 2001, see their
table 2), their relative contribution to the flux in our
spectral windows, αs, is at the 10% level. Table 1 lists αs
values for individual objects and blends, as obtained by
fitting the underlying continuum by second-degree poly-
nomials (uncertainties were estimated by carrying out a
random subset selection algorithm on the number of data
points used for fitting purposes; see figure 1).
3.1. Results
Among the 17 objects in Kaspi et al. (2000) we report
here only the three best cases. To be included, at least
one of the lag estimates should have an FR-RSS probabil-
ity of < 15% of being spurious (i.e., negative) for either
the blue or the red blends, involving either f sc or f
sp
c , and
using either the MCF or KMCF schemes. It turns out
that only quasars with the best sampling (relative to the
time delay) and with a relatively strong iron blends’ con-
tribution to the flux make it into the sample: PG1700,
PG0026+129 (PG0026), and PG2130+099 (PG2130).
Their results are summarized in table 1 and discussed
below. Less robust lag measurements, in the FR-RSS
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Figure 2. Same as figure 1 for PG0026+129.
observed wavelength (A˚)
F
lu
x
(1
0
−
1
6
e
rg
s−
1
c
m
−
2
A˚
−
1 )
[O
I
I
I]
Hβ
H
e
I
I
Hα
HγHδ
F
e
-b
F
e
-r
B-band
4000 4500 5000 5500 6000 6500 7000
0
20
40
60
80
100
120
140
0 500 1000 1500 2000 2500 3000
40
50
60
70
80
90
JD-2448500 (days)
+30
Figure 3. Same as figure 1 for PG2130+099.
sense, for additional PG objects are further mentioned
in section 4.
The analysis of PG1700 shows a highly-significant non-
ambiguous solution for the red iron blend in the MCF
(figure 1) whether f sc or f
sp
c are used
5. While the lat-
ter includes a small contribution from high-order Balmer
lines and continuum emission that enter the B-band,
their combined contribution to f spc is smaller than the
iron’s to fcl (see below). This, combined with the ex-
pected shorter delays for the higher order Balmer emis-
sion (Bentz et al. 2010) result in a meaningful lag mea-
surement (Chelouche et al. 2013). Reassuringly, the
KMCF and MCF give statistically-consistent results sug-
gesting that the signal is not due to short duration fea-
tures in the light curves. The deduced value of α is on the
high-end side, indicating that some 25% of the (varying)
flux in the spectral window is from iron. This is consis-
tent with the mean spectrum of this source showing more
prominent iron emission than typical of quasars (Table
1). Averaging the time-lag measurements for the red
blend, we find a lag of ∼ 380 days, which is ∼ 3 times
longer than the Hβ lag for this source yet statistically
consistent with it (Kaspi et al. 2000). The fact that this
timescale is of order a year appears to be a coincidence
since it does not correspond to the seasonal gaps or their
5 Repeating the analysis for a fs
c
version that was extracted from
a wavelength region further removed from the He IIλ4687 line, led
to consistent results.
multiplicities. Further, the deduced lag of ∼ 380days
is consistent with the findings of Bian et al. (2010) who
measured a lag of 270+130
−190 days (observed frame) using
an independent template-fitting scheme.
Results are less significant for the blue iron blend in
PG1700, but are still largely consistent with those ob-
tained for the red one. Specifically, the MCF solutions
are multi-peaked (note the different maxima in the 2D
plane of figure 1). Using a spectrally-motivated prior of
α < 0.3, discards the large α and τ ∼ 0 days solution,
leading to a more meaningful lag determination, albeit
with a large uncertainty using both the MCF and the
KMCF schemes.
The case of PG0026, shows multi-peak solutions with
the first peak corresponding to the delay, and subsequent
peaks extending to positive times (not shown in full suc-
cession in figure 2) being spaced by one year intervals,
about twice the seasonal gap for this source. Focusing
on the first peak for the red iron blend, which is consis-
tent between the MCF and KMCF, we find a delay of
& 100 days (table 1), i.e., similar to the Hβ delay for this
source (table 6 in Kaspi et al. 2000). Results for the blue
iron blend are less robust and point to somewhat shorter
delays (especially when using f sc ), with the KMCF and
the MCF providing similar results. The deduced α is
consistent with spectroscopic measurements.
Lastly, we turn to PG2130 (Fig. 3) for which two
seemingly contradicting time-delays exist in the litera-
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Table 1
Time-lag measurements
Fe-b Fe-r
〈t〉 τ τ τ(Fe) τ(Hβ)
Object (days) (days) α αs (days) α αs (days) (days)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
PG 0026+129 25 40
+240
−30 (−630
+650
−70 ) 0.05 ± 0.07 0.07 ± 0.03 170
+20
−130 (160
+340
−660) 0.12 ± 0.05 0.05 ± 0.05 152
+18
−27 165 ± 30
[z = 0.142 , L45 = 0.70] 90
+50
−10
(100 ± 50) 0.12 ± 0.02 145+6
−10
(125
+25
−15
) 0.17 ± 0.02
PG 1700+518 32 0
+300
−80 (0
+500
−200) < 0.3 0.21 ± 0.07 370
+160
−70 (314
+200
−140) 0.25 ± 0.05 0.19 ± 0.03 382
+76
−68 250
+80
−100
[z = 0.292 , L45 = 2.71] 100
+360
−100 (400
+50
−340) < 0.3 385
+140
−160 (458
+50
−115) 0.29 ± 0.06
PG 2130+099 22 220
+30
−20
(230 ± 30) 0.1 ± 0.02 0.16 ± 0.02 230+140
−40
(250
+50
−20
) 0.13 ± 0.02 0.19 ± 0.07 195+55
−145
160
+150
−120
[z = 0.061 , L45 = 0.22] 25
+25
−10 (237
+20
−200) < 0.2 50
+150
−30 (250 ± 30) < 0.2
Columns: (1) object properties [name, redshift, and monochromatic optical luminosity L45 = λLλ(5100 A˚)/10
45 erg s−1], (2) the median sampling period of the spec-
troscopic time series. MCF solutions are shown for the lags (columns 3,6) and the relative flux contributions of the two iron blends (columns 4,7) given the waveband
definitions in figures 1-3. Lag measurements in parenthesis correspond to the KMCF analysis results. Spectrally derived relative flux contributions of the two iron blends
to the defined wavebands, αs, are shown in columns 5 and 8 with their uncertainties drawn from those of the continuum fits (Figures 1-3). All (K-)MCF uncertainties were
deduced using the flux-randomization scheme of Chelouche & Zucker (2013, including the 15 to 85 percentiles), but only objects leading to secure lag detections in the
FR-RSS sense are reported (see text). The α distributions are Gaussian to a good approximation hence the symmetric uncertainty intervals. Two rows appear per object:
the upper/lower reports on the results using the fsc /f
sp
c light curves. Upper limits on α indicate cases where a prior has been set to constrain the lag (the quoted prior is
set per object given the MCF results in the other blend or using the fsc light curves; note the agreement with columns 5, 8). (9) Non-weighted mean lag of all the red iron
blend measurements with the reported uncertainty range bracketing the extreme values obtained. (10) The Hβ time delays were obtained here, as in column (9), using the
same (k-)MCF analyses as for the iron blends (not shown).
ture for the Balmer emission lines (Kaspi et al. 2000;
Grier et al. 2008). We do not seek to resolve this prob-
lem in the present work, but note that we are using
the Kaspi et al. (2000) dataset and so are sensitive only
to long delays. Results involving spectrophotometric
data are less-reliable (with an apparent advantage to
the KMCF algorithm; table 1) since the contribution of
the iron blend itself (as well as prominent higher order
Balmer line emission) to the B-band is considerable. For
this reason, and given the results using f sc , which indi-
cate α ∼ 0.1, we measure the lag using f spc by setting
the prior α < 0.2 (see table 1). We find a delay of order
200days in most cases (the MCF with fspc is an excep-
tion, leading to shorter lags by a factor > 4), which is
consistent with the Hβ region size found by Kaspi et al.
(2000, see their table 6).
4. DISCUSSION AND CONCLUSIONS
We reported time-delay measurements for the optical
iron blends in three PG quasars. Taken at face value, and
noting the slight advantage of the KMCF algorithm in
deducing the lag for the blue iron blend, both iron blends
appear to originate from regions of comparable sizes. In
what follows we define the mean delay for the iron blend
region with an uncertainty bracketing the range covered
by the various measurements, all of which are assumed
to have similar statistical weights (table 1)6. Our sample
roughly doubles the number of sources with ”reliable” lag
determinations for the optical iron blends.
4.1. A tentative size-luminosity relation
Figure 4 shows a size-luminosity diagram for the iron
blend in quasars using our results and those reported
for the blue iron blend by Barth et al. (2013)7 and
Rafter et al. (2013) for low-luminosity objects. If our
measurements are in the right ballpark then they im-
ply, for the first time, a size-luminosity relation for
6 These uncertainties should not be considered as proper mea-
surement uncertainties.
7 The optical luminosity was determined from the continuum
model of Barth et al. (2013, see their Fig. 2) and using standard
ΛCDM ”737” cosmology. We note that Bentz et al. (2013) report
a considerably higher luminosity for NGC4593 than Barth et al.,
which could reflect on the source’s flux state at that particular
epoch.
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Figure 4. The rest-frame lag-luminosity diagram for the op-
tical iron emission blends in active galactic nuclei (see legend).
Dashed line is the least-squares fit to all reported iron measure-
ments (K = −19.13 and α = 0.477; see text). Light shaded red
points correspond to results which are insignificant according to the
FR-RSS scheme. Red diamonds mark the typical sampling period
of the spectroscopic time series for all 17 quasars in the Kaspi et al.
(2000) sample. Error bars on the measurements presented in this
work should not be treated as formal measurement uncertainties
(see text).
the optical iron-emitting region, whose powerlaw index
∼ 0.5, hence consistent with similar relations for other
lines (Kaspi et al. 2000, 2007). Specifically, a fit of the
form log(RBLR) = K + αlog(λLλ(5100 A˚)) to the en-
tire data set (see below) yields8 α = 0.48 ± 0.09 and
K = −19.1± 4.4 (c.f. the Hβ size-luminosity relation of
Bentz et al. 2009 who find α ≃ 0.52 and K ≃ −21.3).
To compare the relative sizes of the iron and Hβ
emitting-regions, we have remeasured the size of the lat-
ter using the prescription employed above, where the Hβ
bands follow the definition of Kaspi et al. (2000, see their
table 6) and are shown in figures 1-3. The deduced Hβ
lags are reported in table 1 and are on average 50% larger
than those determined by Kaspi et al. (2000, or only 10%
larger if PG1700, having the largest lag uncertainties in
8 We estimated the uncertainty on the fit parameters using a
value randomization (assuming a uniform distribution over the
quoted error intervals for each point) random subset selection
scheme. The small size of the sample and the uncertainty in the
quoted measurement errors do not warrant a more quantitative
regression analysis in our opinion.
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their work, is discarded). The iron-to-Hβ emission-region
size ratio in our sample covers the range 0.9-1.5, i.e., in
qualitative agreement with the range of 1.5-1.9 found
by Barth et al. (2013) for two low-luminosity sources.
Taken together, the results imply an iron emission-region
no larger than about twice that of Hβ, which is qual-
itatively consistent with recent theoretical expectations
(Mor & Netzer 2012, see their figure 10).
It is further possible to consider the other PGs in
the Kaspi et al. (2000) sample. The analysis method is
identical to that carried out in section 3, but the re-
sults are insignificant according to our FR-RSS crite-
rion, as described in section 3 (they are, however, signif-
icant according to the algorithm of Chelouche & Zucker
2013). Results for PG0052+251, PG1226+023, and
PG0804+761 are shown in figure 4. The (K)MCF al-
gorithm could not detect a lagging component in the
luminous quasar PG1704+608, which is consistent with
the relatively small contribution of the iron blends to the
spectrum of this source (Kaspi et al. 2000, see their fig-
ure 1). Insignificant results were obtained for the fainter
PG objects, possibly related to the fact that the sam-
pling period is comparable to the expected lag in those
sources (Chelouche et al. 2013, and figure 4).
Our deduced size-luminosity relation for the iron
blends needs, however, to be regarded with caution:
there are only handful of detections, with the results
for some sources being potentially affected by sampling
(PG2130 and PG0052+251). Further, while hard to
quantify in the present work, biases inherent to the MCF
method with respect to standard cross-correlation tech-
niques may be present, although likely at the .20% level
(Chelouche et al. 2013), which is consistent with our
findings for the Hβ line. To overcome those problems,
better sampling is required, for more luminous sources9.
Our results imply that the iron emitting region is pho-
toionized by the central source also in luminous quasars,
and that its size is roughly consistent with that of Balmer
lines emission region. This is also in qualitative agree-
ment with the conjecture of Boroson & Green (1992)
based on velocity dispersion considerations. These re-
sults, however, are not of sufficient quality to test various
scenarios for the origin of the iron-line region (Hu et al.
2008; Ferland et al. 2009). Better spectroscopic data
for luminous sources, and/or the use of narrow band
filters, combined with photometric reverberation map-
ping schemes could be very useful for testing the relation
found here and arriving at a more coherent picture of the
BLR in quasars.
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